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Development of a post-synthetic method for
tuning the Al content of OSDA-free Beta as a
catalyst for conversion of methanol to olefins†
Ryoichi Otomo,a Ulrich Müller,b Mathias Feyen,b Bilge Yilmaz,c Xiangju Meng,d
Feng-Shou Xiao,d Hermann Gies,e Xinhe Bao,f Weiping Zhang,g Dirk De Vosh and
Toshiyuki Yokoi*a
Zeolites synthesized without any organic structure-directing agent (OSDA) have several advantages over
conventional zeolites synthesized with OSDAs. Their Al-rich compositions, however, are sometimes not
suitable for applications as catalysts. In the present study, post-synthetic modification was performed using
an Al-rich Beta zeolite synthesized without any OSDAs (designated as “BetaĲOF)”) to obtain high-silica Beta
zeolites. We have successfully developed a facile post-synthetic method for tuning the Al content of
Beta(OF) with the *BEA-type structure retained by calcination at >750 °C followed by acid treatment.
Solid-state 29Si and 27Al MAS NMR analyses revealed that during calcination, framework Al atoms were iso-
morphously substituted with Si atoms to form high-silica frameworks and concomitant extra-framework Al
species. The stability of the obtained frameworks against acid treatment was evaluated in terms of the
framework Al content, finding that the framework with the Si/Al ratio higher than 12 is well stabilized
enough for acid treatment. Thus, dealuminated Beta(OF) zeolites with high-silica compositions were found
to be effective catalysts for the methanol-to-olefin (MTO) reaction; particularly, the Beta zeolite with the
Si/Al ratio of 112 maintained the conversion of methanol over 90% with selectivity to C2–C4 olefins over
70% even at 40 hours on stream at WHSV = 3.2 h−1.
Introduction
The synthesis of a zeolite has been largely expanded by the
development of organic templates, i.e., organic structure-
directing agents (OSDAs), and many types of novel zeolites
have been successfully synthesized by using various kinds of
OSDAs.1–3 However, the cost of an OSDA accounts for a large
portion of the total cost for zeolite synthesis and the removal
of OSDAs releases CO2 and NOx.
4,5 Recently, it has been
reported that several types of zeolites, which were convention-
ally synthesized with particular OSDAs, can be synthesized
without any OSDA, so-called “organotemplate-free” or “OSDA-
free” synthesis. An outstanding example is the OSDA-free syn-
thesis of Beta zeolite.6
Beta zeolite, with a three-dimensional 12-membered ring
pore system, has been widely investigated and used in scien-
tific and industrial fields as a catalyst for the synthesis of pet-
rochemical and fine chemical products such as hydrocrack-
ing of paraffins7,8 and Friedel–Crafts reactions of aromatic
compounds.9–11 Beta zeolite shows unique shape selectivities
in the rearrangement of allyl benzyl ethers,12 Diels–Alder
reaction,13 and Meerwein–Ponndorf–Verley reduction.14 Fur-
thermore, increasing attention has recently been paid to its
application as a catalyst for NOx decomposition in automo-
bile exhaust gas.15,16
The synthesis of Beta zeolite was first achieved by
Wadlinger et al. using the tetraethylammonium (TEA) cation
as an OSDA.17 Since the first report, Beta zeolites have been
synthesized by a variety of methods typically using the TEA
cation.18–20 In 2007, Xiao et al. first reported the OSDA-free
synthesis of Beta zeolite, which is designated as “BetaĲOF)”.6
Later, following this report, successful examples have also
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been reported by other groups.21–24 Thus, the synthesized
Beta zeolites were highly crystalline materials and their Si/Al
ratios ranged from 4 to 6, which are much lower than those
of the conventional Beta zeolites synthesized with TEA
cations.
There are several reports on the catalytic applications of
Beta(OF).25–30 Taking advantage of the large cation-exchange
capacity, Fe-exchanged Beta(OF) was applied in NOx decom-
position.25,26 Beta(OF) with a large number of Brønsted acid
sites showed high catalytic activities in cracking of cumene
and Friedel–Crafts reactions.27,28 In contrast, it has been
reported that the high Al content resulted in fast deactivation
and that the appropriate dealumination providing Beta(OF)
with high-silica compositions delayed the deactivation.29,30
According to these reports, OSDA-free Beta with high Al con-
tent is fragile under acidic conditions and stabilization of the
framework by steam treatment is indispensable for obtaining
high-silica Beta(OF). However, to our best knowledge, the
quantitative evaluation of such stabilization of Beta(OF) has
not been reported, though it is essential for establishing a
general and reproducible modification method.
Recently, the global demand for light olefins has been
increasing and the balance between the demand and the sup-
ply has become tight (further tightening in the future is
expected).31,32 Methanol-to-olefin (MTO) reaction is a versa-
tile process for producing light olefins from methanol, which
can be obtained from various resources including coal, natu-
ral gas, shale gas and biomass.33–35 SAPO-34 as a typical cata-
lyst exhibited remarkably high selectivity to olefins; the com-
bined selectivity to ethene and propene exceeds 80%.36
Nowadays, the widening diversity of chemical industries
requires a variety of raw materials, in which butenes as well
as ethene and propene have been in great demand. Since
medium- and small-pore zeolites do not meet this demand,
we have adopted aluminosilicate zeolites having large pores,
i.e., Beta zeolites as catalysts for the MTO reaction.
Here, a facile post-synthetic method for tuning the Al con-
tent of Beta(OF) with the *BEA-type structure retained has
been developed based on calcination at >750 °C followed by
acid treatment. We evaluated quantitatively the degree of
framework stabilization in terms of the framework Al con-
tent. Thus, the prepared zeolites were used in the conversion
of methanol by virtue of the high-silica compositions.
Experimental
Synthesis and modification of Beta(OF) zeolite
The parent Beta(OF) was synthesized following the method
reported by Xiao et al.6,24 The obtained Na-form sample, des-
ignated as BetaĲOF)-as, was stirred in 2.5 mol l−1 ammonium
nitrate solution at 80 °C for 2 h and dried at 100 °C. This
treatment was repeated two times to obtain the ammonium-
form sample free of sodium, and thus the prepared product
is denoted as BetaĲOF)-NH4.
BetaĲOF)-NH4 was calcined in air under different condi-
tions (650–800 °C and 5–24 h) in a muffle furnace. The
calcined samples are designated as Calx-yh, where x and y
are the temperature and the period of calcination, respec-
tively. Acid treatment of the calcined samples was performed
by stirring a mixture consisting of the sample powder (2 g)
and nitric acid solution (100 ml) in a glass flask at ambient
temperature. The solid sample was recovered by filtration,
thoroughly washed with water, and dried at 100 °C. Thus, the
obtained sample is designated as “Calx-yh-XM-Amb-Yh”,
where X and Y are the concentration of nitric acid (mol l−1)
and the period of treatment, respectively. “Amb” means the
treatment at ambient temperature and when acid treatment
was performed under reflux, the sample is designated with
“Ref” instead of “Amb”.
Characterization of Beta(OF) zeolite
Powder X-ray diffraction (XRD) patterns were collected on a
Rigaku Ultima III diffractometer using Cu Kα radiation (40
kV, 40 mA). The chemical compositions of the solid samples
were analyzed with a Shimadzu ICPE-9000 analyzer. Solid-
state 29Si MAS NMR spectra were measured on a JEOL ECA-
400 spectrometer at a resonance frequency of 79.5 MHz using
a 6 mm sample rotor at a spinning rate of 5.5 kHz. Solid-
state 27Al MAS NMR spectra were measured on a JEOL ECA-
600 spectrometer at a resonance frequency of 156.4 MHz
using a 4 mm sample rotor at a spinning rate of 15.0 kHz.
Nitrogen adsorption–desorption measurements were
conducted using a BELSORP-mini analyzer (MicrotracBEL) at
−196 °C and the BET surface area was calculated in the P/P0
range of 0–0.1. The acid amount was determined by
temperature-programmed desorption (TPD) of NH3 using a
BELCAT (MicrotracBEL) with a thermal conductivity detector.
Catalytic tests
Conversion of methanol was performed in a fixed-bed flow
reactor with a quartz tube. The catalyst powder was com-
pressed into wafers, crushed and sieved to obtain 0.5–1 mm
particles. Thus, the obtained particles (0.1 g) were set in the
quartz tube by filling the top and the bottom of the catalyst
bed with quartz wool. The reaction temperature was mea-
sured using a thermocouple inserted into the catalyst bed.
The catalyst was activated at 500 °C for 1 h in helium flow.
Methanol was vaporized in dry helium and fed to the reactor
kept at 500 °C. The partial pressure of methanol (PMeOH) was
controlled by adjusting the helium flow rate with the metha-
nol feed rate constant, giving PMeOH values of 50 and 75 kPa.
The reactor effluent was analyzed by using an on-line GC-FID
(GC-2014, Shimadzu) equipped with an HP-PLOT Q column
(Agilent J&W). The selectivities to each product are expressed
in carbon percentage.
Results and discussion
Synthesis and ion exchange of Beta(OF) zeolite
BetaĲOF)-as showed a typical XRD pattern assigned to a *BEA-
type structure that consists of polymorphs A and B with
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stacking disorder, which is also observed in the conventional
Beta zeolite synthesized with the TEA cation and natural zeo-
lite Tschernichite.37–39 Notably, a trace amount of MOR phase
was also found as contamination. The crystalline structure
did not change after ion exchange to the ammonium form
(Fig. 1). The Si/Al ratios of BetaĲOF)-as and BetaĲOF)-NH4 were
4.4 and 4.6, respectively, which were very low compared to
that of the conventional Beta zeolite which has typically a
value of 12 (Table 1). Fig. 2 shows the 27Al MAS and 29Si MAS
NMR spectra before and after ion exchange. In the 27Al NMR
spectra, BetaĲOF)-as showed an intense peak at 57 ppm with
a shoulder peak at 54 ppm. These two peaks are assigned to
tetrahedral Al atoms at T3–T9 sites and those at T1 and T2
sites in the *BEA-type framework, respectively.40 The absence
of a peak at around 0 ppm indicated that BetaĲOF)-as had no
Al species in octahedral coordination. Two similar slightly
sharpened peaks were seen in the spectrum of BetaĲOF)-NH4,
indicating no change in the coordination of Al atoms during
the ion exchange.
BetaĲOF)-as and BetaĲOF)-NH4 showed similar
29Si NMR
spectra consisting of four distinct peaks. The peaks at −113
and −108 ppm are assigned to Q4 (4-OSi, at T1 and T2 sites)
and Q4 (4-OSi, at T3–T9 sites) species, respectively, where Qn
is SiĲOM)nĲOH)4−n species (M = Si or Al). Q
4 (3-OSi, 1-OAl) and
Q3 (3-OSi, 1-OH) species overlapped each other, constituting
the peak at −102 ppm. The peak at −97 ppm is assigned to Q4
(2-OSi, 2-OAl) species.24,28,40,41 29Si NMR analysis indicates
that the structure and composition of the framework were
intact after the ion exchange.
Calcination of BetaĲOF)-NH4
The XRD patterns of Beta(OF) samples before and after calci-
nation are shown in Fig. 3. Although calcination at high tem-
peratures resulted in a slight decrease in the diffraction
intensities, the crystalline structure was definitely retained
after calcination. For BetaĲOF)-NH4, the most intense diffrac-
tion peak appeared at 22.1°, which was shifted to a high
angle up to 22.5° for Cal800-24h (Fig. S1†). This behavior was
related to shrinkage of the framework, as discussed below.
27Al MAS NMR analysis shows several changes in the local
structure of the Al species induced by autosteaming during
calcination (Fig. 4). Cal650 showed two peaks at 54 and 57
ppm with a remarkable decrease in the peak at 57 ppm com-
pared to BetaĲOF)-NH4, indicating that the framework Al
atoms at T3–T9 sites were preferentially converted into extra-
framework Al species.42 Broad peaks at 0–10 ppm are
assigned to extra-framework Al species in octahedral coordi-
nation. Severe calcination above 700 °C led to further
decrease in the peaks of the framework Al atoms and various
types of extra-framework Al species were generated; for exam-
ple, four- and five-coordinated extra-framework Al species
appeared with broad peaks at ~60 and ~30 ppm,
respectively.42–45 These species were slightly or hardly
observed in the conventional Beta zeolites after severe calci-
nation or steam treatment.46–48 For OSDA-free Beta with a
high Al content, a large number of the Al atoms could diversify
the extra-framework Al species. Note that extra-framework Al spe-
cies in an asymmetric local environment are less sensitive to
NMR analysis because of strong quadrupolar interaction and so
the total intensity decreased as the calcination temperature
increased.
By observing the 29Si MAS NMR spectra of the calcined
products (Fig. 5), we found that the coordination environ-
ment of Si atoms was also changed during calcination. For
the calcined samples, the peaks attributed to Q4 (1Al) + Q3,
Q4 (0Al, T3–T9), and Q4 (0Al, T1 and T2) appeared at −104,
Fig. 1 XRD patterns of (a) BetaĲOF)-as and (b) BetaĲOF)-NH4. The
asterisk indicates the MOR phase.
Table 1 Compositional and textural properties of Beta(OF) zeolites
Sample Si/Ala SBET
b (m2 g−1)
BetaĲOF)-as 4.4 677
BetaĲOF)-NH4 4.6 —
Cal650-5h 4.5 641
Cal700-5h 4.5 660
Cal750-5h 4.5 644
Cal750-15h 4.5 604
Cal800-24h 4.5 559
a The whole Si/Al ratio analysed by ICP. b BET surface area calculated
from N2 adsorption isotherms.
Fig. 2 (A) 27Al MAS and (B) 29Si MAS NMR spectra of (a) BetaĲOF)-as
and (b) BetaĲOF)-NH4.
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−110, and −114 ppm, respectively. These peaks were shifted
from −102, −108, and −112 ppm, respectively, for BetaĲOF)-
NH4. In order to quantitatively evaluate the changes, all the
spectra were deconvoluted and fitted with Gaussian func-
tions; the relative peak areas in percent are listed in Table 2.
After calcination at 650 °C, the proportions of Q4 (2Al) and
Q4 (1Al) + Q3 species decreased from 13 and 55% to 9 and
35%, respectively. Cleavage of a Si–O–Al bond is accompa-
nied by the formation of a silanol group and the total
number of Q4 (1Al) and Q3 species would not be changed.
The decrease in these peaks, however, was definitely observed
and the proportion of Q4 species, especially Q4 (0Al, T3–T9)
species, increased from 27 to 52%. These results imply that
the condensation of the resulting silanol groups simulta-
neously occurred. The changes in the proportion of Si species
were remarkably observed in the samples calcined under
severer conditions; for BetaĲOF)-Cal800-24h, the proportions
of Q4 (2Al) and Q4 (1Al) + Q3 species decreased to 4 and 24%,
respectively, with an increase in the proportion of Q4 (0Al,
T3–T9) and Q4 (0Al, T1 and T2) species to 62 and 10%,
respectively. A similar behavior was observed in the steaming
of the Beta zeolites synthesized by the OSDA-free method.30
The framework Si/Al ratios, abbreviated as Si/AlFW ratios,
were calculated based on the proportion of Si species ana-
lyzed by 29Si NMR according to the following equation, where
ASiĲmAl) is the peak area of (OAl)mSi(OSi or OH)4−m species
(Table 2).
The Si/AlFW ratio of BetaĲOF)-NH4 was 4.9, which was very
similar to the whole Si/Al ratio calculated by ICP analysis.
The Si/AlFW ratios increased along with the severity of calci-
nation up to 12.5 for Cal800-24h. The formation of siliceous
frameworks was also supported by the peak shift to a high
angle in the XRD analysis (Fig. 3).
Thus, the 27Al and 29Si NMR analyses clarified the struc-
tural changes during calcination; the Si–O–Al bonds sur-
rounding an Al atom were hydrolyzed to form extra-
Fig. 3 XRD patterns of Beta(OF) zeolites before and after calcination:
(a) BetaĲOF)-NH4, (b) Cal650-5h, (c) Cal700-5h, (d) Cal750-5h, (e)
Cal750-15h, and (f) Cal800-24h.
Fig. 4 27Al MAS NMR spectra of Beta(OF) zeolites before and after
calcination: (a) BetaĲOF)-NH4, (b) Cal650-5h, (c) Cal700-5h, (d) Cal750-
5h, (e) Cal750-15h, and (f) Cal800-24h.
Fig. 5 29Si MAS NMR spectra of Beta(OF) zeolites before and after
calcination: (a) BetaĲOF)-NH4, (b) Cal650-5h, (c) Cal700-5h, (d) Cal750-
5h, (e) Cal750-15h, and (f) Cal800-24h.
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framework Al species and simultaneously, the resulting
defects were mended by their condensation, leading to recon-
struction of Si–O–Si bonds. As a whole, some of the tetrahe-
dral Al atoms in the framework were isomorphously
substituted with Si atoms, resulting in the formation of sili-
ceous framework and extra-framework Al species. Interest-
ingly, the number of Si atoms at the T3–T9 sites preferentially
increased after calcination, corresponding to the findings
that a major fraction of Al atoms originally occupied these
sites in BetaĲOF)-NH4 and that the Al atoms at these sites
were more easily hydrolyzed than those at the T1 and T2
sites.
Acid treatment of calcined Beta(OF) zeolites
The calcined samples were treated with 1 mol l−1 nitric acid
solution at ambient temperature for 24 hours; the changes in
the crystalline structures after acid treatment were investi-
gated (Fig. 6). Significant collapse of the framework was
observed after the treatment of Cal650-5h-1M-Amb-24h and
Cal700-5h-1M-Amb-24h. Although the framework structure of
Cal750-5h-1M-Amb-24h partly collapsed, those of Cal750-15h-
1M-Amb-24h and Cal800-24h-1M-Amb-24h were successfully
retained.
The 29Si MAS NMR spectra of the representative samples
clearly demonstrated that a large number of defect sites
formed during the treatment caused the collapse of the
framework (Fig. 7); Cal700-5h-1M-Amb-24h and Cal750-5h-1M-
Amb-24h showed higher proportions of Q3 and Q2 species
than Cal800-24h-1M-Amb-24h. This tendency strongly sug-
gests that the robustness against acid treatment was deter-
mined by the number of Al atoms and defect sites in the
framework of the parent sample. Cal700-5h and Cal750-5h
had 7.4 and 6.9 Al atoms (including Q3 sites) per unit cell (64
T atoms), respectively, which would be the defect sites after
acid treatment. Notably, although the peak areas of Q4 (2Al)
and Q4 (1Al) species included those of Q2 and Q3 species,
respectively, the Si/AlFW ratios were calculated with the pro-
portions of Q2 and Q3 species included because these par-
tially hydrolyzed Q2 and Q3 species are themselves defects
and can also be considered as the cause of framework
destruction. These findings present a method for modifying
the OSDA-free Beta; the high-aluminum framework of the
Beta zeolite can be converted into a high-silica one with the
framework Si/Al ratio higher than 12 by calcination of the
NH4-form zeolite and subsequently, extra-framework and
framework Al species can be removed by acids. The conven-
tional Beta zeolites, synthesized with the TEA cation as an
OSDA, have typical Si/AlFW ratios around 12 and their frame-
work Al atoms are easily removed by acid treatment with the
Table 2 Relative 29Si NMR peak area, framework Al content, and stability against acid treatment of Beta(OF) zeolites
Sample Q4 (2Al) (%) Q4 (1Al) + Q3 (%) Q4 (0Al, T3–T9) (%) Q4 (0Al, T1 and T2) (%) Si/AlFW
a Stabilityb
BetaĲOF)-NH4 13 55 27 5 4.9 —
Cal650-5h 9 35 52 4 7.7 Collapsed
Cal700-5h 8 36 49 7 7.7 Collapsed
Cal750-5h 7 30 56 7 8.3 Partly collapsed
Cal750-15h 4 25 63 8 12.1 Retained
Cal800-24h 4 24 62 10 12.5 Retained
a Framework Si/Al ratio calculated based on the relative 29Si NMR peak area. b Stability against acid treatment.
Fig. 6 XRD patterns of calcined and acid-treated Beta(OF) zeolites: (a)
Cal650-5h-1M-Amb-24h, (b) Cal700-5h-1M-Amb-24h, (c) Cal750-5h-
1M-Amb-24h, (d) Cal750-15h-1M-Amb-24h, and (e) Cal800-24h-1M-
Amb-24h. The numbers inside the graph are their Si/Al ratios.
Fig. 7 29Si MAS NMR spectra of calcined and acid-treated Beta(OF)
zeolites: (a) Cal700-5h-1M-Amb-24h, (b) Cal750-5h-1M-Amb-24h, and
(c) Cal800-24h-1M-Amb-24h.
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crystalline structure retained,43,49,50 fully consistent with the
theory above.
Removal of Al atoms was further studied using Cal800-24h
as the parent material. The Al contents were decreased from
50 to 204 by increasing the temperature, concentration of
acid, and period of treatment. The X-ray diffraction intensi-
ties did not change significantly, indicating the preservation
of the crystalline structure (Fig. 8). Fig. 9 shows the 27Al MAS
NMR spectra of Cal800-24h after acid treatment under vari-
ous conditions. Cal800-24h-1M-Amb-24h showed a peak at 54
ppm with a small peak at 0 ppm. No peak was observed at 57
and ~30 ppm in the spectrum, indicating that the mild acid
treatment mainly removed the extra-framework Al species
and the framework Al species at the T3–T9 sites. Thereafter,
the increased severity of the treatment led to the removal of
framework tetrahedral Al species at the T1 and T2 sites, as
shown in the decreased peak at 54 ppm. This preferential
removal of specific Al species has been also observed in typi-
cal Beta zeolites synthesized with the TEA cation.43 The spe-
cific surface areas increased due to acid treatment (Table 3).
This is probably because extra-framework Al species accumu-
lated in the micropores were eliminated, increasing the pore
volume accessible to nitrogen molecules. All the samples
except for Cal800-24h-3M-Ref-2h had BET surface areas
greater than 600 m2 g−1, reflecting their high crystallinity.
Cal800-24h-3M-Ref-2h showed deviating characteristics as
observed in the slightly low X-ray diffraction intensity and
BET surface area, although the reasons for this behavior have
not been clear.
The acid properties of these samples were characterized
by NH3-TPD (Table 3 and Fig. S2†). The acid amount of
Cal800-24h (ca. 0.896 mmol g−1) was much lower than the
whole Al content calculated by ICP analysis, indicating that
the extra-framework Al species did not act as acid sites. For
the acid-treated samples, the acid amount monotonously
decreased to 0.035 mmol g−1. Thus, high-silica Beta zeolites
with controlled Si/Al ratios and acid amounts were success-
fully prepared from OSDA-free Beta with high-aluminum
composition through calcination at 800 °C and subsequent
acid treatment.
Methanol-to-olefin (MTO) reaction over Beta(OF) zeolites
The catalytic performance of Cal800-24h and its derivatives
was measured in MTO reactions. Firstly, the influence of the
acid amount on the catalytic performance was investigated.
The reaction runs were conducted at the feed rate (WHSV) of
6.4 h−1 with a methanol partial pressure of 50 kPa. The
changes in the conversion of methanol and the product selec-
tivity along with time-on-stream (TOS) are given in Fig. 10
and summarized in Table 4. Cal800-24h initially showed com-
plete conversion of methanol at a TOS of 10 min with
Fig. 8 XRD patterns of Cal800-24h derivatives acid-treated under dif-
ferent conditions: (a) Cal800-24h, (b) Cal800-24h-1M-Amb-24h, (c)
Cal800-24h-1M-Ref-2h, (d) Cal800-24h-3M-Ref-2h, (e) Cal800-24h-
6M-Ref-2h, and (f) Cal800-24h-6M-Ref-24h.
Fig. 9 27Al MAS NMR spectra of Cal800-24h derivatives acid-treated
under different conditions: (a) Cal800-24h, (b) Cal800-24h-1M-Amb-
24h, (c) Cal800-24h-1M-Ref-2h, (d) Cal800-24h-3M-Ref-2h, (e)
Cal800-24h-6M-Ref-2h, and (f) Cal800-24h-6M-Ref-24h.
Table 3 Composition, surface area and acid amount of Cal800-24h and
its acid-treated derivatives
Sample Si/Ala SBET
b (m2 g−1) Acidc (mmol g−1)
Cal800-24h 4.5 559 0.896
Cal800-24h-1M-Amb-24h 50 602 0.212
Cal800-24h-1M-Ref-2h 80 664 0.097
Cal800-24h-3M-Ref-2h 92 580 0.069
Cal800-24h-6M-Ref-2h 112 635 0.066
Cal800-24h-6M-Ref-24h 204 624 0.035
a The whole Si/Al ratio analyzed by ICP. b BET surface area calculated
from N2 adsorption isotherms.
c The number of acid sites
determined by NH3-TPD.
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selectivities to light olefins (ethene, propene and butenes) of
30%. It is noteworthy that light paraffins ĲC1–C4) and heavy
products were produced in relatively high selectivities proba-
bly because the hydride transfer reaction significantly
proceeded.51 The selectivities to the light olefins suddenly
decreased to ~1% at 2 h when dimethyl ether (DME) was
mainly produced in ~90% selectivity. The very quick deactiva-
tion could be attributed to its high density of acid sites over
which a large amount of coke accumulated.51,52 The lifetime
was remarkably extended for the acid-treated catalysts with
the high-silica composition.53 The product selectivity also
improved for the acid-treated samples; the initial selectivities
to the light olefins were around 70%. Intriguingly, ethene
was produced in low yield, while propene and butenes were
produced in much higher yields. This is probably because
aromatic hydrocarbon pools formed in the 12-MR pores such
as penta- and hexamethylbenzene favor the formation of
propene and butenes, while those in the 10-MR pores of
ZSM-5 favor the formation of ethene and propene.54 This
product selectivity is complementary to that of steam crack-
ing of naphtha in which ethene is produced as the main light
olefin product.31 Although ZSM-5 can be synthesized without
the use of an OSDA such as the tetrapropylammonium (TPA)
cation, OSDA-free ZSM-5 is highly resistant against acid
Fig. 10 Time course in MTO reactions over (a) Cal800-24h, (b) Cal800-24h-1M-Amb-24h, (c) Cal800-24h-1M-Ref-2h, and (d) Cal800-24h-6M-
Ref-2h. (●) Conversion of methanol, and selectivities to (○) DME, (□) ethene, (◆) propene, (△) butenes, (▲) light paraffins and (+) >C5 products.
Table 4 MTO reactions over Cal800-24h and its acid-treated catalystsa
Catalyst Cal800-24h
Cal800-24h-1M-
Amb-24h
Cal800-24h-1M-Ref-
2h
Cal800-24h-6M-Ref-
2h
Si/Al 4.6 50 80 112
TOSb (h) 10 min 2 1 7 1 11 1 20
Conversion (%) 100 83.0 98.3 90.0 96.1 91.5 91.7 83.7
Product selectivity (%)
DMEc 0 91.7 0 8.2 1.6 4.8 3.9 10.0
Ethene 17.5 0.7 3.1 1.7 2.2 1.7 1.7 1.3
Propene 9.0 0.5 46.3 36.7 45.1 41.5 41.8 37.4
Butenes 3.5 0 22.5 22.9 24.5 24.6 25.2 24.8
Light paraffinsd 21.5 7.2 4.4 3.4 2.5 2.2 2.2 1.5
>C5 43.0 0 23.7 27.1 24.2 25.3 25.2 25.1
a Catalyst, 0.1 g; WHSV = 6.4 h−1; PMeOH = 50 kPa (He balance); 500 °C.
b Time on stream. c Dimethyl ether. d C1–C4 paraffins.
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treatments compared to ZSM-5 synthesized with the TPA cat-
ion and Beta.50,55 Thus, the unique physicochemical proper-
ties of the modified OSDA-free Beta with high-silica composi-
tions are highly advantageous for the MTO reaction.
High-silica zeolite is favorable in terms of product selectiv-
ity and catalyst life, though the catalytic activity decreases as
the number of acid sites decreases.53 Next, we optimized the
reaction conditions by using Cal800-24h-6M-Ref-2h (Table 5).
When the feed rate was decreased (WHSV = 3.2 h−1), the ini-
tial conversion of methanol increased to 98%. The selectiv-
ities to the light olefins increased to 75% with the decrease
in the selectivities to DME. The conversion of methanol was
over 90% until 40 h, when the selectivities to the light olefins
decreased to 68%. Although the total amount of methanol
fed until 40 h at WHSV = 3.2 h−1 was equal to that until 20 h
at WHSV = 6.4 h−1, both the total amount of methanol
converted and the total yield of light olefins were higher for
the operation at the lower feed rate. These results demon-
strated that the efficiency in the MTO reaction is dependent
on the feed rate56 and that the rate at WHSV = 3.2 h−1 well
matches the activity of Cal800-24h-6M-Ref-2h. When the par-
tial pressure of methanol was increased to 75 kPa by decreas-
ing the amount of helium carrier, the selectivities to the light
olefins were slightly improved and the selectivities were kept
over 70% at a TOS of 40 h.
Conclusions
A facile method for tuning the Al content of OSDA-free Beta
has been developed; the combination of calcination above
750 °C and acid treatment led to a decrease in the number of
Al atoms in the framework with the *BEA structure retained.
The degree of stabilization of the framework against acid
treatment was quantitatively evaluated in terms of the frame-
work Al content, successfully finding that the framework with
the Si/Al ratio higher than 12 can be treated with nitric acid
with the crystal structure retained. Thus, the prepared Beta
zeolites exhibited a much longer catalytic life in the MTO
reaction compared to the parent high-aluminum OSDA-free
Beta. Particularly for the Beta zeolite catalyst with the Si/Al
ratio of 112, the conversion of methanol was over 90% with
the selectivity to light olefins over 70% throughout 40 hours
on stream at WHSV = 3.2 h−1 and PMeOH = 75 kPa. Our find-
ings will contribute to the control of the acidic properties of
Al-rich zeolites, and would broaden the catalytic applications
of OSDA-free Beta.
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